We investigate 35 pre-stellar cores and 36 proto-stellar cores in the Perseus molecular cloud. We find a very tight correlation between the physical parameters describing the N 2 H + and NH 3 gas. Both the velocity centroids and the line widths of N 2 H + and NH 3 correlate much better than either species correlates with CO, as expected if the nitrogen-bearing species are probing primarily the dense core gas where the CO has been depleted. We also find a tight correlation in the inferred abundance ratio between N 2 H + and para-NH 3 across all cores, with N(p-NH 3 )/N(N 2 H + )= 22 ± 10. We find a mild correlation between NH 3 (and N 2 H + ) column density and the (sub)millimeter dust continuum derived H 2 column density for pre-stellar cores, N(p-NH 3 )/N(H 2 ) ∼ 10 −8 , but do not find a fixed ratio for proto-stellar cores.
Introduction
The study of dense cores in nearby clouds like Taurus and Perseus has provided a main observational input for testing theories of star formation. These cores are currently forming solar-type stars, and the study of their internal structure offers a unique opportunity to explore observationally the initial conditions of stellar birth and the first stages of protostellar evolution.
The systematic improvement in sensitivity and angular resolution of IR and radio observations has gradually revealed that dense cores have a more complex internal structure than initially thought. Studies of the density in pre-stellar cores, for example, have found radial profiles with a central flattening reminiscent of the isothermal (Bonnor-Ebert) models, although the overall state of equilibrium of these cores is still a matter of debate (e.g., Di Francesco et al 2007; Ward-Thompson et al 2007) . The chemical composition of the core material also presents systematic variations with radius. The innermost gas in a core prior to star formation is usually depleted of C-bearing molecules like CO, CS, or HCO + , which are thought to freeze out on the cold (≈ 10 K) dust grains at gas densities of a few 10 4 cm −3 (Caselli et al 1999; Bergin et al 2002; Tafalla et al 2002) . This molecular freeze out affects our ability to determine the physical conditions and kinematics of the pre-stellar gas, as it limits the number of tracers available to observers and adds a layer of complexity when comparing the emission from different molecular species. Because of this, understanding and characterizing molecular freeze out has become a necessary step to realize the potential of core studies (e.g., Bergin & Tafalla 2007 ).
Most of our information on molecular freeze out comes from the detailed study of a selected group of cores and globules, like L1544, B68, L1498, and L1517B (see previous references). These works have shown that under freeze out conditions, the most reliable tracers of the dense core material are nitrogen-bearing molecules like N 2 H + and NH 3 together with the dust component. These three tracers systematically provide consistent views of the dense cores, in terms of their maps having similar shape, size, and peak position, and their molecular spectra presenting similar central velocity and linewidth. Such a good agreement between tracers suggests that their emission arises from the same gas in a core, and that their chemical similarities dominate over a number of significant differences between their emission properties. The J, K=(1,1) transition of NH 3 , for example, has a rather low critical density of ∼ 10 3 cm −3 (Evans 1999) , while the commonly-used J=1-0 transition of N 2 H + has a much higher value (∼ 10 5 cm −3 , Ungerechts et al 1997) , and the dust emission is directly proportional to the gas column density but sensitive to the dust temperature and emissivity (Hildebrand 1983) .
Although the main observational characteristics of molecular freeze out seem well estab-lished by now, a number of unsolved issues require further investigation. Most previous work, for example, used reduced and highly selected samples of targets, so detailed radiative transfer modeling could be carried out (e.g., Caselli et al 1999; Bergin et al 2002; Tafalla et al 2004) . Such a strong target selection, unfortunately limits the statistical significance of the work and precludes the investigation of topics like cloud-wide chemical variations, time evolution of the core composition, and a critical inter-comparison between the behavior of the freeze out resistant tracers (N 2 H + , NH 3 , dust continuum). To investigate these issues, it is necessary to carry out systematic, multitracer observations of a large sample of cores in a cloud, something that was not possible just a few years ago. Fortunately, a number of surveys of nearby molecular clouds have been recently undertaken across a wide range of wavelengths and molecular species (see for example, Ridge et al 2006) , and these have provided unique data sets of continuum emission and molecular line diagnostics.
One star-forming region which has received significant recent attention is the Perseus molecular cloud (e.g., Hatchell et al 2005; Enoch et al 2006; Jørgensen et al 2006a; Kirk, Johnstone, & Di 2006; Rebull et al 2007; Rosolowsky et al 2008; Hatchell & Dunham 2009 ). This cloud contains clustered low and intermediate mass proto-stellar candidates, and seems to represent a case in between the low-mass star-forming cloud of Taurus and the more massive Orion star-forming region. A distance of 250 ± 50 pc to Perseus has been adopted by the Spitzer c2d team (Evans et al. 2003) , following measurements byCernis (1993) and Belikov et al. (2002) . Jørgensen et al (2007 Jørgensen et al ( , 2008 combined the Spitzer observations and the submillimeter continuum data of this cloud to produce a complete sample of deeply embedded protostars in Perseus and to determine the clustering properties of the pre-stellar cores and protostars. From a combined N 2 H + and C 18 O survey of this Perseus core population, showed that the gas motions in the vicinity of submillimeter cores vary significantly, from relatively quiescent inside the individual cores to dynamic in the surrounding gas. Further observations of the Perseus core population have been recently presented by Rosolowsky et al (2008) . These authors (also Foster et al 2009; Schnee et al 2009) have used NH 3 and CCS observations to study, among other parameters, the gas kinetic temperature in the cores and its variation between isolated and clustered environments.
The above data set of Perseus core observations provides a unique opportunity to carry out a statistical, cloud-wide comparison between N 2 H + , NH 3 , and the dust continuum, the three most reliable tracers of the dense gas in cores. To this end, we have combined all available observations of these tracers in a large set of both pre-stellar and proto-stellar cores, and we have carried out a new analysis of the data deriving excitation and column densities in an homogeneous manner (checked later against detailed radiative transfer modeling). As a result of this work, we present here the first statistically significant comparison between the so-far believed robust tracers of the star-forming core material, and show that while the tracers do indeed present similar behavior, significant deviations occur in the densest, most evolved core population. This paper is organized in the following manner. Section 2 presents the observational data used in the analysis. Section 3 compares the physical properties derived from the observed N 2 H + and NH 3 spectra. The chemical properties of the cores are discussed in § 4. All of the observations are placed in context with core evolution in § 5. The major conclusions of the paper are summarized in § 6.
A Coordinated Observational Data Set for Perseus
As mentioned in the Introduction, the Perseus molecular cloud has been amply surveyed with Spitzer in the mid-infrared (Jørgensen et al 2006a; Rebull et al 2007) and with ground-based telescopes at (sub)millimeter wavelength dust emission (Hatchell et al 2005; Enoch et al 2006; Kirk, Johnstone, & Di Francesco 2006) . At the locations of pre-stellar and proto-stellar cores, the Perseus molecular cloud has also been observed in N 2 H + (1-0) and C 18 O (2-1) and NH 3 (1,1) . As well, near infrared extinction mapping using 2MASS sources (for the methodology, see Lombardi & Alves 2001) has been used to provide for the large-scale structure of the cloud (Kirk, Johnstone, & Di Francesco 2006) .
Submillimeter and Mid-Infrared Observations
Kirk, Johnstone, & Di Francesco (2006) analyzed a 3.5 degree 2 region of the Perseus molecular cloud using 850 µm data taken with SCUBA at the JCMT. At this wavelength, the beam size of the observations is about 15 ′′ , although smoothing of the map resulted in an effective beam of ∼20 ′′ . They identified 58 submillimeter cores and found that a majority of them could be well fit by stable Bonnor-Ebert spheres (Ebert 1955; Bonnor 1956 ). Comparing the locations of the submillimeter cores with the underlying column density in the cloud measured via near infrared extinction, Kirk, Johnstone, & Di Francesco (2006) concluded that the cores are preferentially found in the highest column density regions of the molecular cloud. These zones have relatively large mean densities as well, n > 5×10 3 cm −3 , as derived from the extinction maps (see Table 3 in Kirk, Johnstone, & Di Francesco 2006) . The majority of the molecular cloud mass, however, was found to exist at low column density arguing that only a small fraction of the cloud is participating in the star formation process.
A further comparison between the 850 µm data and Spitzer mid-infrared observations was performed by Jørgensen et al (2007) . In this survey, 72 submillimeter cores were identified (the slight change in number between the two surveys being due to the resolution of the reconstructed submillimeter map and the clump-finding thresholds used to identify objects), of which half were identified as harboring protostars. As expected, the submillimeter cores coincident with protostars were found on average to be brighter (more massive) and more centrally peaked in appearance. Also, when discernible, the protostars were found to be centrally located within the cores.
A similar map of the Perseus molecular cloud was obtained by Enoch et al (2006) at 1.1 mm using Bolocam at the Caltech Submillimeter Observatory. At this wavelength the effective beam size of the observations is about 30
′′ . The 7.5 degree 2 region was inspected and 122 cores were identified. In regions of overlap with the 850 µm SCUBA map, the two core catalogues are very similar. Due to its larger beam size, the 1.1 mm Bolocam data, is sensitive to somewhat more extended low-surface brightness sources.
N 2 H + and CO Observations
Using the IRAM 30-meter telescope, simultaneously observed C
18 O (2-1) and N 2 H + (1-0) toward 150 candidate dense cores in the Perseus molecular cloud. At these transitions, the effective beam sizes are about 11 ′′ and 25 ′′ , respectively. For the 89 sources selected by 850 µm emission, 84 % yielded detectable N 2 H + emission and all were observable in C 18 O. The hyperfine structure of the N 2 H + (1-0) emission was utilized to fit for the physical properties of the dense gas, including the velocity of the line centroid, the line width, the excitation temperature, and the line optical depth. For the C 18 O (2-1) observations, the line centroid and line width were measured. found that the dense gas associated with the N 2 H + pointings displays nearly thermal line widths, particularly for the subset that appear starless (as determined by Jørgensen et al 2007) . This result is consistent with other surveys of dense gas, which used NH 3 (Benson & Myers 1989; Jijina et al 1999) , and reinforces the notion that cores are supported primarily by thermal pressure, large non-thermal motions having disappeared on small scales (< 0.1 pc) and at high densities (> 10 4 cm −3 ). On the other hand, the C 18 O (2-1) observations revealed that the lower density, un-depleted gas retains significant non-thermal motion. Interestingly, the offset between the velocity centroid of the C 18 O emission and the velocity centroid of the N 2 H + emission was found to be less than the sound speed for 90 % of the targets, arguing that the two regions of emission are nevertheless coupled (see also § 3.1).
NH 3 Observations
Using the GBT, Rosolowsky et al (2008) observed NH 3 (1,1) and (2,2) toward 193 dense core candidates in the Perseus molecular cloud, drawn primarily from the 1.1 mm and 850 µm continuum surveys. For the observed NH 3 transitions, the effective beam size is about 30 ′′ . Ammonia emission was found toward nearly all submillimeter sources and the hyperfine structure of the NH 3 lines were fit for the observational properties of the emitting region, including the velocity of the line centroid, the line width, the excitation temperature, and the line optical depths. As well, through comparison of the NH 3 (1,1) and (2,2) observations, the rotation and kinetic temperature of the gas and the non-thermal contribution to the line width was determined. For the cores in Perseus, a typical low kinetic temperature of T k = 11±2 K was measured . As found for the N 2 H + observations , the NH 3 lines are usually quite narrow and thermally-dominated.
Correlating the Data Sets
Despite the coordinated approach to data taking inside the Perseus molecular cloud, the individual pointing observations in N 2 H + and NH 3 were not explicitly aimed at the same locations on the sky. The N 2 H + observations were taken primarily toward 850 µm SCUBA locations, and a subset of 'by eye' extinction locations observed on digitized POSS-II Palomar plates. The NH 3 observations typically were taken toward peaks in the Bolocam map. In general, however, the deviation between the two pointings was significantly less than 25 ′′ (within the N 2 H + and NH 3 beams).
For the purpose of this study, we collected all observations in N 2 H + and NH 3 which were less than 25 ′′ apart and include them in Table 1 . Only ten of these sources have offsets larger than 15 ′′ and the mean offset is 9 ′′ . Table 1 lists the source names from the studies by and Rosolowsky et al (2008) , as well as the location of the source, and the offset distance between the two surveys. Also presented in Table 1 are the integrated line intensities for NH 3 (1,1), N 2 H + (1-0), and C 18 O (2-1), as well as the (sub)millimeter flux from SCUBA (850 µm) and Bolocam (1.1 mm). The uncertainties in the line intensities are typically less then ten percent, while the uncertainty in the (sub)millimeter flux is about twenty percent. The (sub)millimeter fluxes are measured at the location of the NH 3 sources and averaged over 30 ′′ . Table 1 lists 82 individual cores. Of these 82 cores, three have no detection in N 2 H + (all of these are also found to be weak in NH 3 ). An additional seven cores have poor parameter fits for N 2 H + , due to their low optical depth and the tight covariance between excitation temperature and optical depth in such a regime (see Appendix A). One additional core could not be fit using the NH 3 lines. Thus, of the 82 cores obtained, 71 contain enough information to be useful in the detailed comparison of their physical properties. Of these, 35 are prestellar cores and 36 are proto-stellar cores, according to the analysis of Jørgensen et al (2007) . For these 71 sources, Table 2 lists the physical properties derived from fitting to the hyperfine components (see Rosolowsky et al 2008) .
Physical Properties of the Perseus Cores
In this section we compare the observationally derived physical parameters for the N 2 H + (1-0) and the NH 3 (1,1) molecular line transitions. It is worth reminding the reader that the effective beam sizes of the two measurements, at their associated telescopes, are 25 ′′ and 30 ′′ , respectively. As well, the formal critical densities for thermalizing the emission are ∼ 10 5 cm −3 and ∼ 10 3 cm −3 , respectively 1 . Thus, the ammonia, with its lower critical density and somewhat larger beam, should probe to lower density gas if it is present in appreciable quantities.
Comparison of Centroid Velocities
Figure 1 plots a histogram of the offset in centroid velocities between the N 2 H + and NH 3 (upper panel) and between the N 2 H + and C 18 O (lower panel). Ten percent of the N 2 H + pointings were found to have multiple velocity components while considerably fewer of the NH 3 observations needed multiple fits . In this paper, we consider only the closest velocity match between the nitrogenbearing species (and C 18 O) at each position. In this figure (and all subsequent plots), red denotes proto-stellar sources while blue denotes pre-stellar sources. Despite the fact that the N 2 H + and C 18 O observations were taken simultaneously, toward the exact same location on the sky, the N 2 H + and NH 3 centroid agreement is significantly stronger. Indeed, the mean absolute offset is only 0.07 km s −1 , much smaller than the sound speed in the gas (c s ∼ 0.20 km s −1 for T k = 11 K) and about the accuracy of the N 2 H + (1-0) line rest frequency (Pagani et al. 2009 ). As noted by If the N 2 H + and NH 3 emission is coming from within the dense core while the C 18 O emission is produced on larger scales in the material surrounding the dense core, then the strong correlation between the centroid velocities of the nitrogen-bearing molecules is expected. The critical density for NH 3 (1,1) is, however, similar to that required to excite the C 18 O (2-1) line and thus one might have expected a contamination of the core NH 3 (1,1) measurement by the surrounding C 18 O-rich cloud. Unlike Taurus, where the mean density in the cloud is low and only the cores reach densities greater than a few ×10 3 cm −3 , in Perseus the high extinction zones in which the (sub)millimeter cores are found have significant density, n > 5 × 10 3 cm −3 , as derived from the extinction maps (see Table 3 in Kirk, Johnstone, & Di Francesco 2006) .
It thus appears that the NH 3 (1,1) line is not significantly contaminated by the bulk material surrounding the cores in Perseus and that both the observed NH 3 (1,1) and N 2 H + (1-0) emission is produced within the dense cores.
Comparison of Line Widths
As a second test of the environments in which the various lines are produced, Figure 2 shows histograms of the observed line widths (in units of Gaussian σ), uncorrected for thermal broadening, for N 2 H + (upper panel), NH 3 (middle panel), and C 18 O (lower panel). As noted by both and Rosolowsky et al (2008) , the N 2 H + and NH 3 line widths do not display significant non-thermal motions. This is especially true for the measured line widths of the pre-stellar sources (blue histograms), where very few measurements fall beyond the sound speed (c s ∼ 0.2 km s −1 ). The C 18 O (2-1) line exhibits a quite different behavior. In most cases, both pre-stellar and proto-stellar, the measured line width is dominated by non-thermal motions.
As with the line centroid histogram, it is striking how the N 2 H + and the NH 3 histogram measurements agree, in contrast to the comparison with C 18 O observations. Despite the similar critical densities for NH 3 and C 18 O, there is no hint of a correlation between these two measurements. Again, it would appear that the NH 3 (1,1) line is not significantly contaminated by the bulk material surrounding the dense cores.
Comparison of Physical Properties
When determining the column densities and abundances of N 2 H + and NH 3 in the next section, it is necessary to utilize the observationally fit physical properties to the hyperfine structure of each molecule's observed transition. In the preceding sections, the line centroid and line width have been investigated. This section compares the key fitting parameters source by source.
In Figure 3 , the derived line widths, σ v , excitation temperatures, T ex , and line optical depths, τ , are compared, with the one-to-one ratio shown by the dash-dotted line. Determining the optical depths and line widths are fairly straightforward and thus suffer from only a moderate uncertainty. The derived excitation temperatures, however, depend strongly on the calibration of the instrument and an assumption about the beam-filling nature of the emission. Thus the excitation temperatures should be taken as representative values with large, at least twenty percent, uncertainties. The top left panel shows a strong correlation in the measured line widths of the two nitrogen-bearing species, as discussed earlier in § 3.2. The top right panel shows that a similar correlation can be found for the derived excitation temperatures of the two molecular transitions, although there is a hint of an offset to slightly higher, ∆T ∼ 1 K, NH 3 temperatures. This result is intriguing given the large difference in critical densities of the two species observed. At densities sufficiently large to excite the
, the NH 3 (1,1) transition should already be thermalized. Unless the gas density is much larger than this critical value, however, the N 2 H + should be only sub-thermally excited. That the measured excitation temperatures are similar argues that the observed gas in which the N 2 H + and NH 3 emission is arising may be extremely dense, n ≫ n c (N 2 H + ).
The bottom left panel in Figure 3 plots the total line optical depths, integrated over all hyperfine components, for the transitions observed. Although there is much scatter, the underlying trend is obvious, higher optical depths for NH 3 correlate with higher optical depths for N 2 H + . More importantly, the total optical depths are fairly low -arguing that the peak optical depths in any particular hyperfine component are never much larger than unity (for NH 3 the strongest hyperfine component has a weight of 0.5 while for N 2 H + the strongest component has a weight of 0.26). Thus, the integrated line intensities in § 4.1 should not suffer significantly from optical depth effects. This result has been confirmed by comparing the integrated intensity in a single, isolated, hyperfine component against the total line intensity.
Given the expectation that the submillimeter continuum emission at 850 µm is directly related to the underlying column density of dust (and by extrapolation the total column density of gas -see § 4 and Appendix A), it is possible to estimate the mean density within each core. In this analysis, we take the 850 µm emission, smoothed to a 30 ′′ beam, calculate the expected column density of dust and gas, and then divide by twice the measured core radius as given in Table 6 of for those cores which have radius measures (53 sources). The derived mean density within the core is only approximate but may be compared against the derived excitation temperatures to see if there are any obvious trends that might be due to sub-thermalization. The bottom right panel in Figure 3 shows that for most of the cores the mean density is n ∼ 2 × 10 5 cm −3 .
The strong correlation in excitation temperature and integrated line intensity, together with the equivalence of the kinematic features, suggests that the emission from the two nitrogen-bearing molecules is being observed from within a coincident dense region inside each core, whether pre-stellar or proto-stellar. In this situation, the true excitation temperatures are expected to be similar to the derived kinetic temperatures. The fact that our measured T ex values are often significantly lower than the T k ∼ 11 K estimated by Rosolowsky et al (2008) is somewhat puzzling, and suggests that our T ex values may have been underestimated. This could result from beam dilution effects, if the sources are significantly smaller than the telescope beam, or from additional effects not considered in our analysis, like calibration problems or variations of the temperature along the line of sight. Detailed modeling of the spatial distribution of T ex and T k in a selected sample of cores is needed to clarify this issue.
Chemical Properties of the Perseus Cores
In the preceding sections, we have shown that there is a strong correlation between the observed properties of the two nitrogen-bearing species, N 2 H + and NH 3 . The 850 µm submillimeter flux is also well understood as arising from dust emitting at a temperature T d ∼ 11 K . In this section we use standard formulae for the conversion from observed continuum emission to H 2 column density and from observed line parameters to N 2 H + and NH 3 column densities in order to compare the abundances of these species source by source. Although the formulae used here to compute column densities have been presented in the literature before, we reproduce them in Appendix A for completeness and to highlight some misconceptions that often creep into such calculations.
Comparison of Line Strengths
Given the large number of cores in this sample, 71, it is useful to search for correlations in the measured intensities of the molecular lines, as well as against the strength of the continuum. Figure 4 plots four of these correlations. Where useful, a best-fit linear relation is overlaid as a dash-dotted line with the line color denoting the underlying species being fit.
The top left panel in Figure 4 shows the relationship between the 850 µm SCUBA flux (smoothed to a 30 ′′ beam) and the C 18 O (2-1) emission. There is a possible correlation for the pre-stellar cores, although the linear trend is driven by the few C 18 O bright outliers. For the proto-stellar cores there is no obvious correlation. The top right panel shows the relation between the 850 µm SCUBA flux and the N 2 H + (1-0) emission. Again, there is a possible correlation for the pre-stellar cores but no obvious trend for the proto-stellar cores. The bottom left panel in Figure 4 reveals a lack of any correlation between the C 18 O (2-1) and the NH 3 (1,1) emission, as expected from the discussion in § 3.1 and 3.2. The bottom right panel, however, shows a very strong correlation between the NH 3 (1,1) intensity and the N 2 H + (1-0) intensity, for both pre-stellar and proto-stellar cores.
For completeness, Figure 5 shows the relationship between the 850 µm SCUBA flux and the 1.1 mm Bolocam flux, both averaged over a 30 ′′ beam at the location of the NH 3 measurement. Note that this figure is presented using a logarithmic scale and that the two (sub)millimeter measurements correlate exceedingly well. The straight (yellow) line through the data is not a fit but rather the expected correlation for dust at T d = 11 K, and with a (sub)millimeter emissivity power-law β = 2 (for a discussion on β see Johnstone & Bally 2006 , and references therein). The typical kinetic temperature of the gas in these sources is T k ∼ 11K , and thus the agreement of the (sub)millimeter measurements with the 11 K model imply that the gas and the dust are near thermal equilibrium, as expected for densities greater than 10 4 cm −3 (Goldsmith 2001) . A few of the bright proto-stellar sources have significantly (∼ 50 %) higher 850 µm fluxes than expected which may indicate moderate warming toward these locations. In § 4.2 where we determine column densities and abundances, the dust continuum measurements should be reliable to better than a factor of 2.
From the integrated intensity plots in Figure 4 , it is evident that the C 18 O (1-0) emission is poorly correlated with the dust emission observed in the (sub)millimeter (especially for proto-stellar cores) and uncorrelated with the nitrogen-bearing molecules. For pre-stellar cores, there is a possible correlation of the nitrogen-bearing molecules and the dust.
Determination of Column Densities
In general, the (sub)millimeter continuum emission observed from structure within molecular clouds is produced by radiating dust grains, and the emission is optically thin. Thus, if the dust temperature T d and the dust emissivity properties κ λ are known, the column density of dust is directly computable from the measured (sub)millimeter continuum flux. Usually, the dust is assumed to be well coupled to the gas, and the emissivity is given per unit gas and dust. The required equation is presented in Appendix A.1. The derived column density of H 2 , N(H 2 ), toward each pointing is provided in Table 3 , assuming that the dust temperature is T d = 11 K, the typical ammonia temperature measured by Rosolowsky et al (2008) . Raising the dust temperature to T d = 16 K halves the measured column density, while a dust temperature of T d = 26 K is needed to quarter the measured column density values.
Assuming the molecular emission from a given transition is optically thin, the integrated line strength should be proportional to the column density of the emitting gas (see Appendix A.2). If the gas is moderately optically thick, and the optical depth can be estimated, correction factors can be utilized to reconstruct the total column density. These calculations, however, are extremely dependent on the state of the gas, including the kinetic temperature, the density of collision partners, and the equilibrium properties of the molecule. For the two nitrogen-bearing species, N 2 H + and NH 3 , the hyperfine structure of the emission provides a reasonable measure of the optical depth, which coupled with the peak intensity of the line yields an estimate of the excitation temperature of the transition (in practice a more sophisticated fit to the hyperfine structure is utilized). Thus, the number of molecules radiating in this transition, along the line of sight, can be deduced. In order to determine the total abundance of the molecule, however, the energy partition function must be constructed and the level abundances computed. Additionally, for some molecules, including NH 3 , the energy levels are divided between ortho and para forms, which can be treated as independent species because they are not connected by normal radiative or collisional transitions. As our observations concern only NH 3 (1,1) and (2,2), in this paper we will only consider the para form of ammonia (p-NH 3 ).
In Table 3 , we present the derived column densities for N 2 H + and p-NH 3 , utilizing the formulae presented in Appendix A.2. The adopted physical properties, σ v , T ex , and τ are taken from the physical parameters fit to each spectrum (see Table 2 and § 3.3). Additionally, determination of the conversion factor, N/N l , from the column density of the observed state, N l , to total column density, N, (see Appendix A.2.2) requires an assumption that the energy levels within each molecule are in equipartition at an adopted excitation temperature. As discussed in Appendix A.2.2, the conversion factor necessary for NH 3 (1,1) is relatively independent of the adopted excitation temperature, due to the large energy gap between the (1,1) and (2,2) states. We assume the conversion factor for NH 3 is 2, which is valid to within 10% for temperatures less than 15 K. The conversion factor for N 2 H + , however, is quite dependent on the assumed excitation temperature used in the partition function. In the column density analysis, the derived excitation temperatures for the N 2 H + (1-0) transition were averaged over all pre-stellar and proto-stellar cores to derive effective values of T ex = 5.7 K and T ex = 6.9 K, respectively. Thus, the conversion to total column density for N 2 H + for pre-stellar cores is 2.9, and for proto-stellar cores the conversion is 3.4.
A test for the validity of the column density ratio measurements between NH 3 and N 2 H + was performed using a Monte Carlo radiative transfer code based on that of Bernes (1979) and as discussed in more detail by Tafalla et al (2004) . We produced model cores with realistic physical conditions for the density distribution, central dust column densities similar to those observed for the Perseus core sample, and internal temperatures of 11 K. Synthetic spectra were calculated for various input abundances of NH 3 and N 2 H + , and these spectra were reduced using the same procedures as for the Perseus observations. The derived column densities and abundances were found to accurately reflect the input values to within about 10%.
In § 3.3, the excitation temperatures for both nitrogen-bearing species were seen to be similar, suggesting that the density in the emitting region might be larger than the critical densities of both molecules. Under this assumption, the true excitation temperature for the observed transitions would be ∼ T k (∼ 11 K), as both lines should be thermalized. Deviations in the observed T ex from T k would then be due to beam dilution effects. Under this scenario, the conversion to total column density of N 2 H + would be N/N 0 = 5.3, or 83% larger than the value we have adopted for pre-stellar cores and 56% larger for proto-stellar cores. In both cases the uncertainty introduced is less than a factor of 2. The conversion to total column density of NH 3 would remain 2, however.
N 2 H
+ and p-NH 3 Relative Abundance Figure 6 shows the strong correlation between the column density of N 2 H + and p-NH 3 . The tight fit for the two species can be anticipated from the correlation for line intensities seen in Figure 4 (see also Appendix A.2), and the fact that the emission lines are never particularly optically thick. The scaling from observed line intensity to column density depends both on observing methods (telescope efficiencies and corrections for atmospheric attenuation) as well as corrections for the measured physical conditions within the gas (e.g., excitation temperatures). Each of these measures has uncertainty associated with it and should dilute any observed underlying column density correlations, as the N 2 H + (1-0) and NH 3 (1,1) transitions were measured at different times and with different telescopes. As well, two different fitting programs were used to determine the physical parameters from the hyperfine components. It is more likely that there are correlated uncertainties in the integrated intensity of a given species (e.g., an error in the assumed telescope efficiency) and thus the scaling for all the column densities of either N 2 H + or p-NH 3 may be off by about 20%.
The top panels of Figure 7 plot the abundance of p-NH 3 with respect to N 2 H + as a function of the total H 2 column density (derived from the dust continuum measurements) and as a function of the para-ammonia column density. As in all other plots, the blue plus signs represent pre-stellar cores and the red diamonds represent proto-stellar cores. The scatter in the abundance ratio of these two nitrogen-bearing species is extremely small -less than a factor of two about the mean value. As well, there is only a small hint at a difference in this ratio for the pre-stellar and proto-stellar cores. For the complete sample of 71 cores for which measurements can be made, an average abundance ratio of 22 ± 10 is found for p-NH 3 versus N 2 H + . Separating the 35 pre-stellar and 36 proto-stellar cores yields only small variations in this abundance ratio, 25 ± 12 and 20 ± 7 respectively (see also Figure 6 ).
Given that N 2 H
+ is a highly reactive molecular ion, and is known to form readily in regions where CO depletes (see for example, Bergin & Tafalla 2007) , it would appear that the formation of p-NH 3 must follow a similar route to the formation of N 2 H + . No discernible p-NH 3 was detected from the moderate density bulk gas surrounding the cores, otherwise, an observational correlation with the line widths of the C 18 O(2-1) transition should have been noted. As well, within the core the line strengths for both nitrogen-bearing species must be dominated by dense gas emission in order for the excitation temperatures to be similar (see § 3.3). Thus, it would appear that both N 2 H + and p-NH 3 are being produced in the densest regions of the cores, in zones where the CO is most likely to be freezing out.
Perhaps more interestingly, N 2 H + is known to be destroyed by CO and thus in protostellar cores one might expect that the abundance of N 2 H + should decrease as the internal warming evaporates frozen CO back into the gas. No such destruction of p-NH 3 is postulated, however, and thus the lack of any significant change in the relative abundance of these two species between pre-stellar and proto-stellar cores suggests that the warming zone is limited to a small volume within the core. We return to this discussion on chemistry in § 5.
NH 3 and H 2 Relative Abundance
The bottom panels of Figure 7 plot the abundance of p-NH 3 with respect to H 2 as a function of the total H 2 column density and as a function of the para-ammonia column density. For the pre-stellar cores there is only a hint that the abundance ratio is not constant at ∼ 10 −8 . The proto-stellar cores, however, show a clear trend of lower ammonia abundance in higher column density cores. The trend is reminiscent of the integrated intensity plot shown in the top left panel of Figure 4 , where at high 850 µm flux levels (i.e. high H 2 column densities) the integrated intensity in the NH 3 (1,1) line appears to saturate. As noted in § 3.3, this is not an optical depth effect; the hyperfine structure of the NH 3 does not show evidence of reaching the necessarily high optical depths. A similar effect has also been noted for N 2 H + versus H 2 for cores in Ophiuchus by Friesen et al (2009) .
We remind the reader that the H 2 column density is derived from dust continuum measurements. Consideration of Equation A2 suggests that significant heating of the protostellar cores would produce enhanced emission which might be misinterpreted as higher column density if the appropriate higher temperature is not used in the analysis. Low mass protostars, however, do not have sufficient luminosity to heat large portions of their envelope (see for example, Jørgensen et al 2006b; Stamatellos et al 2007). As well, there is no evidence for significant warming of the envelope in the kinetic temperature determinations derived from the NH 3 (1,1) and (2,2) lines . Finally, we note that for the brightest 850 µm sources, the calculated under-abundance of p-NH 3 is greater than an order of magnitude, requiring an extreme change in temperature, or other dust properties. We return to this issue in § 5.
Discussion of the Results
From the observations of N 2 H + , NH 3 , C 18 O, and dust continuum emission, we have uncovered a tight correlation between the abundance of the two nitrogen-bearing species for both pre-stellar and proto-stellar cores in the Perseus molecular cloud. No similar correlation is found for the nitrogen-bearing species versus CO. As well, only the pre-stellar cores show evidence for a constant abundance of these species versus H 2 . In this section, we consider the relevant time scales for chemical and core evolution, in order to better understand the possible processes by which the correlations are produced. A more detailed discussion of these processes can be found in the review paper by Bergin & Tafalla (2007) .
Chemical Evolution
While the entire chemical pathways to the formation of N 2 H + and NH 3 within molecular clouds are not fully understood, there is general agreement on the expected steps. For N 2 H + , destruction via interactions with CO keeps the abundance of this species low until the CO freezes out onto dust grains (Caselli et al 1999 Tafalla et al 2002) . Once the CO has frozen out substantially, the abundance of N 2 H + can increase significantly in the gas phase through interactions between N 2 and H + 3 . At the low temperatures expected deep within molecular clouds, CO efficiently freezes to dust and thus the relevant time scale for CO depletion is the collision time with dust:
For NH 3 there is no obvious destruction mechanism with CO and thus it is possible to have both simultaneously, assuming that there is sufficient time to produce the parent product N 2 in the bulk cloud. Thus, the absence of NH 3 in the extended (C 18 O emitting) cloud gas suggests that the NH 3 formation time scale is longer than the CO formation time scale, and comparable to that of core formation and CO freeze out. Indeed, NH 3 (and N 2 H + ) are considered "late time" molecules due to the long time needed to activate their nitrogen chemistry, which starts with a slow neutral-neutral reaction (e.g. Suzuki et al 1992) . Despite this similar starting point in their production, the different behavior of NH 3 and N 2 H + with respect to the presence of CO in the gas phase makes somewhat surprising the strong correlation found between the abundance of these species over the full range of core properties seen in Perseus. It should be noted that a favored NH 3 formation mechanism starting with the electronic recombination of N 2 H + (Geppert et al 2004; Aikawa et al 2005) has been proven inefficient by Molek et al (2007) , so a new generation of chemical models taking these recent measurements into account is clearly needed.
Pre-Stellar Core Evolution
The formation time for a pre-stellar core depends on the physical processes responsible for bringing the material together and is still strongly debated in the community. Before the onset of collapse, however, the fastest rate at which the core can be assembled may be estimated from the observed physical parameters of the material around the core. The maximum infall rate onto the core iṡ
where m H is the mass of a hydrogen atom, µ is the mean molecular weight, and, for the cores in Perseus, n ∼ 5 × 10 3 cm −3 is the mean density in the region surrounding the core, R ∼ 5 × 10 16 cm is the typical core size, and v ∼ 0.4 km s −1 is the typical non-thermal line width observed in C 18 O (in general one does not expect that this velocity gradient is due entirely to infall but using it yields a reasonable upper limit for the infall rate). Thus, even if the pre-stellar core is assembled at the maximum rate, a typical Perseus 0.5 M ⊙ core takes at least 
This time scale is significantly longer than the depletion time for CO within the core, where the density is more than an order of magnitude higher. Thus, it would appear that the chemical enhancement of N 2 H + should proceed in lock-step with the increase in core mass during the pre-stellar core phase as observed (see bottom left panel in Figure 7 ).
Proto-Stellar Core Evolution
Once the core becomes sufficiently massive, gravity will dominate over internal thermal pressure and the core should collapse on a free-fall time 
It is important to note that the time for collapse is longer than the freeze-out time at the typical densities inside cores, n H 2 ∼ 10 5 cm −3 , and that the time scale for freeze-out drops faster than the collapse time as the core density increases. Thus, even if the core were to begin collapse before CO depletion and chemical enrichment of the N 2 H + and NH 3 , these nitrogen-bearing species should be substantially enhanced before the collapse becomes advanced.
The Dichotomy for Dense Gas Tracers in Proto-Stellar Cores
While the three dense gas tracers, N 2 H + , NH 3 , and H 2 [traced by the (sub)millimeter dust continuum], observed in Perseus appear to mimic one another for pre-stellar cores, the trend found between the nitrogen-bearing species and H 2 in Figure 7 for proto-stellar cores requires a significant drop in the abundance of NH 3 and N 2 H + with increasing H 2 column. A similar trend might exist in the pre-stellar core sample but without high column density sources this cannot be confirmed. Had the results been reversed, with the prestellar cores showing a large range of abundance ratios then one might have appealed to a chemical differentiation during core formation. However, assuming that all proto-stellar cores began their lives similarly to the observed homogeneous pre-stellar cores, gravitational collapse alone ( § 5.3) does not appear to provide a mechanism for increasing the mass of H 2 without also increasing the mass of the nitrogen-bearing species. A number of processes may be invoked to solve this dichotomy and these are described below. Unfortunately, it is not possible to definitively choose which process is most likely, as all have strengths and weaknesses.
One possible solution might invoke the destruction of nitrogen-bearing molecules. In the inner region around the proto-stellar core the gas temperature will be raised due to the heating from the protostar. Where the gas temperature exceeds ∼ 35 − 40 K the CO is observed to evaporate from the grains (Jørgensen et al 2005 (Jørgensen et al , 2002 Jørgensen 2004; Doty et al 2004) and re-enter the gas phase where it will destroy the N 2 H + . The size of this zone, however, is much smaller than the core and thus this effect should be marginal within the single-dish observations presented here. For low-mass protostars, the inner warm zone is only ∼ 100 AU compared with the 5000 AU core radii, and ∼ 7500 AU beam diameters. If the dust evaporation temperature is significantly lower, the evaporation envelope may grow much larger. In that case, however, the warmed gas will be rich in CO, providing a strong correlation between dust continuum and CO emission for the brightest sources, which is not observed in Perseus. Additionally, while the N 2 H + abundance will decrease in the inner warm region, there is no clear reason why the NH 3 abundance should also decrease.
A second possible mechanism for changing the relative abundances of the nitrogenbearing species versus H 2 in proto-stellar cores is for the heavier molecules to freeze-out onto the dust particles. Chemical models predict that these species should eventually freezeout, however, there has only been a little observational evidence of this effect, especially for N 2 H + (see Bergin et al 2002; Pagani et al 2007, and references therein) . In order for this scenario to explain the observations in Perseus, the collapsing proto-stellar cores would need to be accumulating new material in their outer envelopes, where CO freezes out and N 2 H + and NH 3 form, while in the interior even these heavy species would be depleting onto dust grains. In this manner, the column of H 2 would increase over time while the total column of the nitrogen-bearing species would remain bounded.
A third, entirely different explanation for the proto-stellar trend seen in Figure 7 is also plausible. While the conversion from emission line strength to total molecular column density is relatively straightforward, and apparently validated by the excellent agreement between the N 2 H + and NH 3 abundances, the conversion from (sub)millimeter dust continuum emission to H 2 column density requires knowledge of both the dust temperature and the dust emissivity. As mentioned earlier, neither of these values is expected to vary dramatically within cores -typical uncertainties in the conversion from observed emission to column density for each is a factor of 2, much smaller than the factor of 10 variation seen in the observations. We note, however, that it is possible that these uncertainties are correlated and that, as the central temperature increases in the core, the dust properties also change. Such a scenario could significantly decrease the variation in abundance ratio between the nitrogenbearing species and H 2 observed for the Perseus cores. It would, as well, fundamentally affect the manner in which proto-stellar envelope masses are determined.
There is a clear need for the observers and modelers to work together to solve this dichotomy between the dense gas tracers if we are to achieve a self-consistent description of the proto-stellar environment.
Conclusions
We have investigated the observed chemical properties of 35 pre-stellar and 36 protostellar cores in the nearby Perseus molecular cloud. By combining spectroscopic observations of N 2 H + (1-0), C 18 O (2-1), and NH 3 (1,1) along with (sub)millimeter continuum flux measurements, we are able to determine correlations in the properties of the emitting regions for each species, and the abundance ratios between the various chemical tracers. The main conclusions from our investigation are:
(1) The kinematic properties of NH 3 and N 2 H + are extremely similar and quite different from the kinematic properties of the C 18 O molecule, strongly suggesting that the formation and destruction of these two nitrogen-bearing species are well coupled.
(2) For all cores the abundance ratio between the two nitrogen-bearing species is fixed at N(p-NH 3 )/N(N 2 H + ) = 22 ± 10. Dividing the cores into pre-stellar and proto-stellar samples does not result in significantly different abundance ratios, reinforcing the notion that the two nitrogen-bearing species trace the same gas and chemically evolve together.
(3) For pre-stellar cores the abundance ratio between p-NH 3 and H 2 is fixed at N(p-NH 3 )/N(H 2 ) ∼ 10 −8 , where the H 2 column density is derived from the (sub)millimeter dust continuum measurements. This reinforces the notion that observations of NH 3 , N 2 H + , and (sub)millimeter emission all trace the same dense gas and may be used interchangeably when searching for and analyzing pre-stellar cores in molecular clouds.
(4) For proto-stellar cores the abundance ratio between the nitrogen-bearing species and H 2 declines from the pre-stellar value as the column of H 2 increases, where again the H 2 column density is derived from the (sub)millimeter dust continuum measurements. This result suggests that observers should be careful when using a single dense gas tracer (NH 3 , N 2 H + , or (sub)millimeter emission) to determine the properties of proto-stellar cores. The monotonic trend in the observed abundance ratio with H 2 column density may indicate a simple underlying physical explanation, although decoupling the various possibilities outlined in § 5.4 is likely to be tricky and requires further careful observations and detailed modeling.
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A. Appendix -Formulae For Determining Column Densities and Abundances
In this section, we first discuss the underlying relationship between the observed submillimeter continuum brightness of the cores and the column density of H 2 . Next we show how the integrated line intensities, or physical properties of N 2 H + and NH 3 can be used to measure column densities.
A.1. Total Gas Column Density from Submillimeter Continuum Emission
Assuming a constant dust temperature T d and optically thin conditions, the column density of gas, N H 2 , can be related to the 850 µm submillimeter continuum brightness within a beam, S 850 , by
In the above equation, Ω bm is the solid angle subtended by the observation, m H is the mass of atomic hydrogen, µ = 2.37 is the mean molecular weight, κ 850 is the dust opacity per unit mass column density (gas plus dust) at 850 µm, and B 850 is the Planck function evaluated at 850 µm. Substituting typical values for these quantities, and assuming a 30 arcsecond beam, yields
Note that the measured column density scales linearly with the submillimeter continuum brightness, S 850 , and inversely with the dust opacity, κ 850 . While the appropriate value for κ 850 is still uncertain (see for example van der Tak et al 1999), the ranges of values used in the literature span only about a factor of 2. In this paper we take κ 850 = 0.02 cm 2 as a fiducial value.
Only the dust temperature T d enters the equation in a non-linear manner. For the sources observed in Perseus, however, the NH 3 kinetic temperature measurements suggest that the dense gas temperature (which should couple extremely well with the coexistent dust temperature) is narrowly scattered around 11 K.
A.2. Molecular Species Column Density
To determine the total column density of a molecule, we first need to calculate the column density in the observed transition, N l (where the subscript l refers to the lower energy state of the observed transition), and then, through use of an appropriate partition function, calculate the total column density of the species, N.
A.2.1. Column Density in the Observed Transition
The column density in the lower energy state l is determined by assuming statistical equilibrium and expressing the optical depth in terms of the column density in the lower state (e.g., Rohlfs & Wilson 2004) . This relationship is then inverted yielding an expression for N l :
where c is the speed of light, h is the Planck constant, k is the Boltzmann constant, ν ul is the frequency of the (u, l) transition, g l and g u are the statistical weights, A ul is the Einstein A coefficient, T ex is the excitation temperature of the transition, and the frequency-integrated line optical depth is τ (ν) dν.
For both species in our analysis, p-NH 3 and N 2 H + , the observed transitions have resolved hyperfine structure. Hence, τ (ν) must reflect the integrated properties of the i hyperfine components via
where τ ul is the total optical depth in the line as determined by fits to the observed line profile, s i is the weight of the ith hyperfine component defined such that s i = 1, ν i is the rest frequency of the ith hyperfine transitions and ν LSR is the frequency shift induced by the systemic motions of the gas. In Equation A4, the gas responsible for line formation has been assumed to have a Gaussian distribution of line-of-sight motions. The frequency width of each hyperfine component is then given by the Doppler relationship:
and is, to high precision, the same for all the hyperfine transitions. Hence, we characterize the line with a single rest frequency ν ul . Using Equation A4, the integral in Equation A3
can be evaluated yielding
The relative strengths of the hyperfine components of the transitions allow for a unique determination of the optical depth τ ul unless the optical depth is very low (see for example, Rosolowsky et al 2008) . Furthermore, the line widths provide a reliable measure of σ v and the line intensities yield T ex through the observed telescope main beam temperature T mb :
where η f is the fraction of the telescope beam filled by emission, T bg = 2.73 K and
Here T ul ≡ (hν ul /k), the equivalent temperature of the transition energy. T mb is related to the observed atmosphere corrected antenna temperature T * A by T * A = η mb (ν ul ) η f T mb where η mb (ν ul ) is the main beam efficiency of the telescope at frequency ν ul .
With these observed properties, Equation A3 can be further simplified to yield
It is often convenient to calculate the integrated intensity of the line, I ul , as this is a robust observational measure. Taking Eqn A7, converting from frequency to velocity space, and integrating over all velocities yields
At low optical depths this converts directly to
The last term in the above equation is identical to the last term in Eqn A9 suggesting that we combine the two equations
where δ(τ ul , σ v ) is a measure of the deviation between the extrapolation of the optically thin line intensity equation (Eqn A11) and the exact calculation. Explicitly,
This formulation in terms of an escape probability term (δ) is useful since it allows the estimation of column density ratios between two species in terms of their integrated intensities.
We append subscripts m and n to indicate quantities for the two species and their respective observed transitions:
where D ul,m is a fixed number, dependent only on the physical properties of the molecular transition;
Provided that T ex ≫ T ul for both species and T ex,m ≈ T ex,n then the second bracketed term in Equation A14 is approximately unity and the third bracketed term is reasonably approximated as T ul,m /T ul,n , thus rearranging we get
Aside from the, possibly large, deviation due to optical depth effects, δ(τ ul , σ v ), the abundance ratio of the two states is well represented directly by the integrated intensity.
An alternate and direct measure of the abundance ratio of these two states can be found by taking the ratio of the column densities, via equation A9;
Again assuming that T ex ≫ T ul for both species and T ex,m ≈ T ex,n , this yields
A.2.2. Total Column Density Determination
The observational measures only probe the column density in a single state N l , which can be related to the total column density of the species through the partition function Z. Thus, if Z p denotes the number of molecules in state p,
and the conversion factor from N l to N is
For ammonia, there are two terms in the partition function to consider: the distribution across the metastable rotational states of the molecule and the distribution between the two levels of the inversion transition within each rotational state. Assuming LTE, the partition function elements for the metastable rotational states (J = K) are (Rohlfs & Wilson 2004) ;
where B = 298117 MHz and C = 186726 MHz are the rotational constants of the ammonia molecule (Pickett et al 1998) . Care must be taken, however, in calculating the total partition function since the ortho-and para-species are not expected to exchange. Thus, there are two separate partition functions, one for each of the ortho-and para-states. Since we are only treating para-ammonia (p-NH 3 ) in this paper, J = 0, 3, 6, 9... Additionally, the J = K non-meta-stable states are assumed to carry no weight.
The full partition function contains a combination of the partition function elements for the appropriate metastable states (ortho or para) along with the partition function elements of the inversion transition, for which the upper and lower states have equal statistical weight. Thus, the full partition function for p-NH 3 (J = 1, 2, 4, 5...) is
where the first term in square braces accounts for the two inversion levels within each rotational state. For all inversion transitions, T ul (J) ∼ 1 K and therefore the first term in the partition function ≈ 2 for all relevant core temperatures. The observed p-NH 3 column density, however, corresponds only to the lower inversion level of the J = 1 rotation state. When determining Z 1,p−NH3 only the first term in the square brace should be included, hence
Further, the temperature used in the evaluation of the partition function, T should characterize the level distribution of the ammonia molecules. Since transitions between the metastable states are regulated by collisions, this is often equated with the kinetic temperature of the gas T k or estimated from the observed level populations directly.
The N 2 H + molecule is a linear rotator, so its partition function is given by
where B is the rotational constant: B = 46586.867 MHz (Pickett et al 1998) . In the case of N 2 H + , Z 0 = 1 corresponding to the J = 0 state. Figure 8 plots the conversion factor (N/N l , where l = 1 for p-NH 3 and l = 0 for N 2 H + ) as a function of excitation temperature for both p-NH 3 and N 2 H + . For an assumed kinetic temperature of T k = 11 K, the required conversion factors are 2.1 and 5.3, respectively. Careful consideration of Figure 8 reveals that the conversion for p-NH 3 (1,1) is quite insensitive to sub-thermal excitation of the meta-stable states (i.e., deviation from LTE). The N 2 H + (1-0) conversion, however, is quite steep at these excitation temperatures. For example, assuming that the effective temperature in the partition function is 6.9 K, similar to the measured excitation temperatures for proto-stellar cores, yields a conversion for N 2 H + of 3.4. An effective temperature of 5.7 K, typical for pre-stellar cores in Perseus, yields a conversion of only 2.9. b .
c Separation between and Rosolowsky et al (2008) pointings. Figure 3 . Where useful, a best-fit linear relation is overlaid as a dash-dotted line with the line color denoting the underlying species being fit. + for the observed cores in Perseus. Note that the plot has linear axes. The symbols have the same meaning as in Figure 3 and the best linear fits to the data are overlaid as dash-dotted lines with the line color denoting the underlying species being fit. The best fit slopes are N(p-NH 3 )/N(N 2 H + ) = 25 ± 12 and 20 ± 7 for the pre-stellar and proto-stellar cores, respectively. + , p-NH 3 , and H 2 for the observed cores in Perseus. The symbols have the same meaning as in Figure 3 . The top panels show the nitrogen-bearing species abundance ratio against the total column of H 2 and p-NH 3 . Here, the central horizontal line marks the mean value of the abundance ratio, 22, while the additional horizontal lines indicate a change in the ratio by a factor of 2, up or down. The lower panels show the p-NH 3 to H 2 abundance ratio against the total column of H 2 and p-NH 3 . Here, the central horizontal line marks the rough value of the abundance ratio, 10 −8 , while the additional horizontal lines indicate a change in the ratio by a factor of 2, up or down. Note that the only obvious non-constant ratio is found for the N(p-NH 3 )/N(H 2 ) in proto-stellar cores (red diamonds) versus N(H 2 ) (bottom left panel). 
